Abstract. Downstream models are often used in order to study regional impacts of climate and climate change on the land surface. For this purpose, they are usually driven offline (i.e., 1-way) with results from regional climate models (RCMs). However, the offline approach does not allow for feedbacks between these models. Thereby, the land surface of the downstream model is usually completely different to the land surface which is used within the RCM. Thus, this study aims at investigating the inconsistencies that arise when driving a downstream model offline instead of interactively coupled with the RCM, due to different feedbacks from the use of different land surface models (LSM). Therefore, two physically based LSMs which developed from different disciplinary backgrounds are compared in our study: while the NOAH-LSM was developed for the use within RCMs, PROMET was originally developed to answer hydrological questions on the local to regional scale. Thereby, the models use different physical formulations on different spatial scales and different parameterizations of the same land surface processes that lead to inconsistencies when driving PROMET offline with RCM output. Processes that contribute to these inconsistencies are, as described in this study, net radiation due to land use related albedo and emissivity differences, the redistribution of this net radiation over sensible and latent heat, for example, due to different assumptions about land use impermeability or soil hydraulic reasons caused by different plant and soil parameterizations. As a result, simulated evapotranspiration, e.g., shows considerable differences of max. 280 mm yr −1 . For a full interactive coupling (i.e., 2-way) between PROMET and the atmospheric part of the RCM, PROMET returns the land surface energy fluxes to the RCM and, thus, provides the lower boundary conditions for the RCM subsequently. Accordingly, the RCM responses to the replacement of the LSM with overall increased annual mean near surface air temperature (+1 K) and less annual precipitation (−56 mm) with different spatial and temporal behaviour. Finally, feedbacks can set up positive and negative effects on simulated evapotranspiration, resulting in a decrease of evapotranspiration South of the Alps a moderate increase North of the Alps. The inconsistencies are quantified and account for up to 30 % from July to Semptember when focused to an area around Milan, Italy.
meteorological drivers are further used as input to downstream models which determine the impacts of the simulated climate change on the processes to be investigated. Downstream models are used to analyse the impacts of climate change on a broad palette of natural and/or societal developments and vulnerability including the land surface water cycle, land use and vegetation, agricultural yield and food security, human health, energy consumption, and many more (IPCC, 2007) . Thereby, they usually focus on specific thematic questions that RCMs can not or only insufficiently address and on specific regions at high spatial resolution.
Nonetheless, the complexity and heterogeneity of land surface processes and the need for a more detailed view of the land surface is a long standing discussion in atmospheric sciences (Dickinson et al., 1991; Henderson-Sellers et al., 2008) . There is evidence that more advanced and robust land surface models (LSMs), which increasingly consider the spatial heterogeneity (land-use, soil, elevation) and complexity of land surface biophysical and hydrological processes in the soil-plant-atmosphere continuum on an appropriate scale will reduce the uncertainties in the current modelling of landatmosphere processes (Essery et al., 2003; Hagemann et al., 2001; Molod and Salmun, 2002; Seth et al., 1994; Yu, 2000) .
Meanwhile, hydrologists have developed empirical, conceptual and more and more physically-based land surface hydrological models (LSHMs) spanning a wide range of complexity. They include detailed descriptions of vertical and lateral soil water and energy flows, vegetation dynamics and related flow regulations, snow and ice dynamics as well as energy and mass exchange with the atmosphere and, thereby, cover the major land surface processes in the soil-plant-atmosphere continuum. However, in contrast to LSMs designed for atmosphere applications, the atmosphere is usually considered as an exogenous driver only.
At the same time as RCMs having become capable of physically downscaling the GCMs outputs to a resolution of 50-10 km, LSHMs evolved from their original application in small watersheds to large basins. With the improving spatial resolution of the RCMs and the increasing areal coverage of the LSHMs, the scales covered by the two model families tend to converge (Chen et al., 1996; Henderson-Sellers et al., 1995; Yang et al., 1998) . The RCMs' output at high spatial resolution now allows downstream impact models on the local to regional scale to use the results of RCM simulations offline as model input (Fig. 1a) . By now, the hydrological community uses simulation results from RCMs as input for their LSHMs (Kotlarski et al., 2005) . However, the LSHMs operating at the land surface usually represent land surface in a totally different manner than the LSMs used within the RCM.
Due to the different scales between impact models and RCMs and because of the huge numerical load the impacts are usually assessed with, downstream impact models are usually run offline. This means that they consider the meteorological outputs of the RCMs as exogenous input only and do not feed back to the atmosphere. However, land- atmosphere interactions are largely driven by soil moisture and soil temperature, vegetation dynamics and evapotranspiration as well as snow and ice dynamics (Fischer et al., 2007; Koster et al., 2004; Koster and Suarez, 1994; Martin, 1998; Orlowsky and Seneviratne, 2010; Pitman, 2003; Schär et al., 2004; Zeng et al., 2003) . A consistent analysis of the regional impacts of climate change, therefore, would request to have the impact models directly coupled within the RCMs to be able to explicitly consider the feedbacks.
While coupling a RCM with a physically based hydrological downstream impact model offline, the model chain results in two LSMs -one within the regional climate and one within the impact model, both describing the same land surface processes (Fig. 1a) . However, they are not identical which leads to inconsistencies within the offline model chain. They may have their causes in different scales between the LSMs, different coverage of land surface categories, different process descriptions and different parameterizations, etc. Although these inconsistencies are hardly ever quantified, they are only justified when land-atmosphere interactions are weak.
The following analysis uses a case study to compare two LSMs, one representing a LSM used within a RCM and a hydrological downstream climate impact model. It further aims at investigating the inconsistencies which arise due to different feedbacks from using the hydrological impact model offline and interactively integrated the impact model within the RCM (Fig. 1b) . 
Methods

Models and setup
In order to describe the discrepancies and inconsistencies between a classical LSM used within a RCM and a LSHM, we applied the fifth-generation Mesoscale Model (MM5) (Grell et al., 1994) together with the NOAH-LSM (Chen and Dudhia, 2001a, b) at a spatial resolution of 45 × 45 km. Besides, from the hydrological model family, we applied the LSHM PROMET (Mauser and Bach, 2009 ) at a spatial resolution of 1 × 1 km. MM5 was modified and adapted to our specific simulation requirements and our model domain (Pfeiffer and Zängl, 2009; Zängl, 2002) . The MM5 model domain covers most of the European continent and has a size of 79 gridboxes in West-East and 69 grid-boxes in South-North direction with the lower left corner at (8.2 • W, 35.6 • N) and the upper right corner at (43.2 • E, 61.0 • N) (Fig. 2) (Pfeiffer and Zängl, 2009) . Lateral boundary conditions are provided 6-hourly by ECMWF ERA-40 reanalysis-data (Uppala et al., 2005) . The simulation was carried out from 1 July 1995 to 31 December 1999, using a spin-up time of 6 months for both models. The initial soil moisture conditions were set to field capacity (pF = 2.3) in PROMET and are initialized using ERA-40 soil moisture data [Vol-%] in NOAH.
While the NOAH-LSM was originally developed for the use in regional atmosphere applications, PROMET represents a LSHM, originally designed to study the impact of climate on hydrology on the local to regional scale. Due to the different demands on each of the models, they are supposed to differ in multiple aspects. Therefore, concerning this paper, we first conceptually compare both LSMs in terms of different scales, model physics and parameterizations. Further, evapotranspiration simulated both with the NOAH-LSM and coupled offline with PROMET (in the course of this paper named as PROMET-offline) are compared to each other (Fig. 1a) . In this case, both models are using the same meteorological forcing. The model results of NOAH and PROMET-offline are compared to each other in order to quantify the differences when being forced with same meteorological data.
Interactions between the downstream model and the atmospheric part of the RCM are not possible within the offline coupled approach. Downstream models which are only weakly affected by feedbacks between the land surface and the atmosphere, e.g., those who study the effect of climate change on energy demand for heating buildings, may neglect that issue. However, the hydrosphere of the land surface strongly interacts with the atmosphere. Therefore, we further interactively (often also called 2-way, bidirectionally or bilaterally) couple PROMET with the atmospheric part of MM5, thereby replacing the NOAH-LSM in MM5 with PROMET. Thus, PROMET now provides the lower boundary conditions for the atmospheric part of MM5 (in the course of this paper named as PROMET-interact) (Fig. 1b) . Another possible option by coupling the NOAH-LSM offline with meteorological data coming from the MM5/PROMET-interact simulation is not addressed in this study, since it is scientifically irrelevant regarding the downstream model approach.
Due to the substitution of the NOAH-LSM with PROMET, interactions between the RCM and the downstream hydrological impact model can now be taken into account. Consequently, the atmospheric part of MM5 responses to the replacement of the LSM. Therefore, we compare the temperature and precipitation output, simulated both with MM5/NOAH and with MM5/PROMET-interact, respectively. Finally, the impact of the feedbacks on simulated evapotranspiration is investigated by comparing the offline and the interactively coupled PROMET results.
A validation and comparison of the model results with measurements is beyond the scope of this paper, but will be dealt with in further studies.
Coupling approach
The interactions between the land surface and the atmosphere are based on the exchange of latent and sensible heat, short and longwave radiation as well as momentum (Campbell and Norman, 2000) . Since the NOAH-LSM is an integral part of MM5, it is required within the RCM to model the land surface processes at the same temporal and spatial resolution as the atmospheric model components of MM5. PROMET differs from MM5 both in temporal and spatial resolution.
For the interactive coupling of PROMET with MM5, PROMET substitutes the NOAH-LSM within the coupling domain of MM5, extending 1170 × 1170 km (Fig. 2) . Consequently, the coarse meteorological data provided by MM5 (45 × 45 km) has to be downscaled to the higher resolution of the land surface model (1 × 1 km) for the coupling domain. Further, the surface fluxes simulated by PROMET at a resolution of 1 km have to be upscaled to the MM5 model resolution. This is done by applying the scaling tool SCALMET (Scaling Meteorological variables) (Marke, 2008; Marke et al., 2011) . The statistical downscaling can either be used with regression based approaches (Daly et al., 2002) or empirical gradients (Liston and Elder, 2006) , using elevationdependencies in order to scale the meteorological data to the fine resolution grid. The adjustable simulation time step within PROMET, which also constitutes the exchange time step between PROMET and MM5, is set to 9 min in the current study. This allows PROMET to run synchronously with MM5, which uses an internal time-step of 135 s.
In addition to the offline downscaling approach, a 2-way (i.e., bidirectional) and, therefore, interactive coupling mode was implemented in SCALMET allowing for a linear upscaling of the scalar surface fluxes (see Fig. 2 ). In order to close the energy balance within the interactive coupled landatmosphere system, the downscaling as well as the upscaling approach strictly conserves mass and energy within the scaling processes in SCALMET for each variable. Hence, no bias correction is carried out in the framework of the model runs presented in this study. Therefore, any bias of the RCM is inevitably inherited by the LSM and vice versa.
Study area
The study area according to the coupling domain is situated in Central Europe and extends 1170 km North-South by 1170 km East-West including 18 European countries with the lower left corner at 3.9 • E, 42. 
Comparison of modelling approaches
Since both applied models developed from different disciplinary background, the concepts behind the models vary in many aspects. While the goal of the development of the LSM was to implement an appropriate LSM for weather prediction and climate simulations, PROMET was developed for hydrological river catchment studies on the local and regional scale. A complete description of the NOAH-LSM is given by Chen and Dudhia (2001a, b) and Mitchell (2005) . A comprehensive model description of PROMET can be found in Mauser and Bach (2009) .
Nevertheless, both models describe the pathways of water and energy at the land surface in a physically based manner, thus, conserving mass and energy and closing the energy balance at the land surface without a calibration. They are describing the same land surface processes on different scales, thereby using different formulations and parameterizations. Thus, the model results basically must be comparable and the differences between the model results must be traceable to the conceptual differences. 
Scales
One major difference is the differently applied spatial resolution. Within the GLOWA-Danube project, in which this study took place, MM5 and, thus, the NOAH-LSM was applied in climate mode with a single domain having a horizontal spatial resolution of 45 km and an integration internal time step of 135 s. The coarse spatial resolution was set in order to be able to simulate long time series for regional climate scenarios until the year 2100 with the available computational resources.
PROMET was applied at 1 km spatial resolution since it has been extensively validated in different regions in the world at 1 km spatial resolution (Mauser and Bach, 2009) .
Due to the different spatial resolution, the models' underlying land-use (Fig. 2) , the digital elevation model (DEM) as well as the soil textures vary in spatial heterogeneity. 
F. Zabel et al.: Inter-comparison of two land-surface models
20° E 18° E 16° E 14° E 12° E 10° E 8° E 6° E 4° E
Land use
The land cover information has a strong effect on albedo, emissivity and partitioning of energy and matter fluxes from the surface to the atmosphere (Ge et al., 2007) . Land cover determines the type of vegetation and, thereby the seasonal development of plant phenology, canopy structure and leaf area, which in turn, through vegetation height and leaf area index, determines the aerodynamic and evapotranspirative properties of the land surface. The combined vegetation and soil properties determine soil moisture development and the reaction of the land surface to changing fractions of latent and sensible heat fluxes influenced by vegetation water stress. Figure 2 shows the land use classifications used by NOAH and by PROMET, respectively. Impervious surfaces such as scattered urban areas are not classified in the NOAH classification, since they are small scaled and, thus, not mapped at the coarse resolution in NOAH. While most of the land is homogeneously treated as one class of mixed arable land in NOAH, PROMET separates arable land into 17 individual crop types using different crop specific parameterizations. A detailed description of the land use/cover map used in PROMET is given in Zabel et al. (2010) .
For example, while for Berlin, the Ruhr Region or Milan, NOAH classifies one class representing a mixture of dryland, cropland and pasture, the 45 × 45 respective upscaled PROMET pixels for each of the same area show a high share of urbanization -e.g., Berlin: 43 %, Ruhr region: 55 %, Milan: 37 % (Fig. 2) .
Plant parameterization
The parameterization for each of the vegetation types in PROMET is taken from literature and remote-sensing data (Bach, 1995; Mauser and Bach, 2009) . Typical daily change of the dynamic plant parameters (LAI, albedo, root depth and plant height) were taken from the analysis of time series of LANDSAT images in Southern Germany in combination with extensive field measurements on typical plant stands (Mauser and Bach, 2009) , thereby taking into account phenological behaviour of different stands and spatial heterogeneity (Zabel et al., 2010) .
On the other hand, MM5 uses monthly values of green vegetation fraction (also known as F cover ) for each grid cell at the model's spatial resolution in order to allow for seasonal phenological behaviour of vegetation. The green vegetation fraction is derived from remote-sensing NDVI data and accordingly is also used within the NOAH-LSM to control the degree of urbanization and impervious surfaces for each grid cell. Due to known problems in NDVI scaling (Bach and Verhoef, 2003; Gutman and Ignatov, 1997; Richter and Timmermans, 2009 ), vegetation fraction was generally decreased by 30 percent which helped to improve the simulation of summertime near surface temperature substantially (Pfeiffer and Zängl, 2009 ).
Soil water hydraulic and plant physiology
Besides different underlying soil textures, the models use different physical approaches to describe the pathway of water through the soil and the plant into the atmosphere. Here, PROMET uses a more comprehensive approach, following Baldocchi et al. (1987) and Jarvis (1976) , taking more soil and plant specific parameters into account. NOAH uses soil specific water contents [Vol-%] to parameterize wilting point, saturation and field capacity for calculating plant transpiration, while PROMET calculates soil water content from soil water potential and takes plant specific functions of leaf water potential into account, including a functional dependence between stomatal conductance and plant suction when calculating plant transpiration. 
Results and discussion
Comparing NOAH and PROMET-offline
The offline coupled model approach results in two LSMs, namely the NOAH-LSM and PROMET. The differences between the two models described in Sect. 4, result in different portioning of latent and sensible heat, while incoming solar radiation, temperature and precipitation are the same for both models in offline configuration (see Fig. 1a ). As a result, net radiation shows a high temporal correlation between PROMET and NOAH, except for Alpine areas (Fig. 3) . Here, large differences in snow cover affect shortwave reflection and, thus, net radiation. Nevertheless, the PROMET net radiation in the remaining domain is higher than the NOAH net radiation (Fig. 3) , due to different land surface properties in terms of emissivity and albedo. Overall, more energy is available at the PROMET land surface (Fig. 3) . While albedo is handled as a prognostic variable in both LSMs, snow cover is less dominant in the Alpine regions in the NOAH simulation due to the use of different snow modules and lower altitudes in mountainous regions caused by scale issues. Due to the higher spatial resolution in PROMET, spatial heterogeneity -especially in mountainous regions can be captured more realistically. Thus, not only snow processes, but also radiation processes can be 
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illustrated with a bivariante colour map (Teuling et al., 2011) . calculated with higher spatial and process detail considering, e.g., aspect, slope and altitude more accurately.
Consequently, shortwave reflection increased mainly in the Alpine part of the model domain (Fig. 4) , reducing net radiation in winter and spring in the PROMET simulation, while net radiation is increased in the summer months, when the snowpack has melted in mountainous regions.
The higher net radiation in the PROMET simulation in the non-alpine areas mainly is due to differently assumed emissivities of the land surfaces, resulting in overall lower emissivity and, therefore, lower longwave outgoing radiation in the PROMET simulation (Fig. 5, upper) .
Further, the different portioning of the available energy at the land surface into latent and sensible heat is shown in Fig. 5 (lower) by subtracting the annual mean Bowen ratio. Finally, more available energy at the land surface is proportionally given more into sensible than into latent heat in the PROMET simulation, where finally the Bowen ratio remarkably increased in areas with high share of urbanization (Fig. 5) . The degree of urbanization shows a correlation of 0.71 with the difference plot of the Bowen ratio. Figure 6 compares the annual mean evapotranspiration from 1996-1999 simulated by the NOAH-LSM (upper) and by the offline PROMET approach (lower). Regarding the hydrological context of this paper, latent heat is shown as evapotranspiration in [mm] . Overall, the NOAH-LSM simulation shows an annual mean evapotranspiration of 469 mm and PROMET-offline 397 mm respectively. The remarkable mean difference of more than 70 mm for the area average is diversely spatially distributed and has several reasons that we further aim to investigate.
Basically, both models show a north-to-south gradient of evapotranspiration and lower values in the Alpine region, which corresponds to the prevailing climate conditions. Daily mean values of the model domain are highly correlated between the models (R 2 = 0.94). The most obvious difference is the spatial heterogeneity related to the spatial resolution applied to each model. The PROMET-offline evapotranspiration allows for recognising small-scale spatial patterns such as Alpine valleys with high contrasts to its surroundings and forested areas with high evapotranspiration as can be found e.g., in the Black Forest (approx. 48.5 • N, 8.3 • E). While the PROMET land-use data set includes a number of impervious surfaces (residential or industrial areas and rocks) that do not contribute to transpiration and, therefore, PROMET, respectively. (1996-1999). reduce annual mean evapotranspiration, the NOAH underlying land-use dataset accounts only for a small number of land-use classes and mainly implements cropland in the model domain (Fig. 2) . The effect of different land-uses and impervious surfaces in PROMET becomes especially apparent in large urban areas such as Berlin or the extended Ruhr region as well as in rocky Alpine areas (Fig. 6) . In order to compare the model results on the same spatial scale, we aggregated the PROMET-offline result to the spatial resolution of 45 × 45 km and finally subtracted it from the NOAH evapotranspiration (Fig. 7) .
The highest difference of evapotranspiration can be found at the Milan pixel. Here, evapotranspiration is reduced by 283 mm from 707 mm (NOAH) to 424 mm (PROMET-offline).
Further, Fig. 8 compares the models' evapotranspiration by assuming a similar land use in both models. For this purpose, impermeable areas are ignored when upscaling the 1 × 1 km PROMET evapotranspiration to the MM5 spatial resolution. Figure 8 shows the monthly mean values only for pixels with a share of impermeable area of at least 20 % in the upscaled PROMET land use classification. Thereby, different assumptions in the LSMs' underlying land use classification in terms of impervious surfaces result in great differences in summer (up to 21 mm month −1 in July) and small differences in winter (1 mm month −1 in January). By neglecting impervious surfaces, the prominent annual gap of 130 mm yr −1 is reduced to 46 mm yr −1 and the difference in July is reduced to 6 mm month −1 (Fig. 8) .
For a spatially differentiated consideration of the impact of impermeable areas for the coupling domain, Fig. 9 shows the difference of simulated evapotranspiration between PROMET-offline and NOAH versus the upscaled share of impermeable land in the PROMET land use classification, illustrated with a bivariante colour map (Teuling et al., 2011) .
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Another important aspect contributing to inconsistencies are due to different soil hydraulics, affecting soil moisture and, therefore, soil evaporation and plants transpiration. The functional dependence between soil moisture of the third soil layer and evapotranspiration for the Milan and RhineNeckar vegetated pixels for daily values in July and August is shown in Fig. 10 for each model. Scaled between saturation and wilting point, PROMET operates in a drier part of the sensitivity curve, thereby more restricting evapotranspiration than the NOAH-LSM (Fig. 10) . PROMET reacts more sensitive to increasing soil suction and decreasing soil moisture, respectively. While the wilting point is never reached in the Rhine-Neckar area, it is already reached on several days in the PROMET-offline simulation from July to August in the Milan area (Fig. 10) . The soil layer thickness of the third soil layer is 1 m in both models, reaching from 1 to 2 m in the NOAH-LSM and from 0.5 to 1.5 m in PROMET, respectively. 
Quantification of feedbacks using PROMET-interact
The simulated latent and sensible heat between the NOAH-LSM and PROMET-offline, as showed differ both in spatial and temporal manner. When using PROMET instead of NOAH within MM5, the response of the atmosphere to the changed land surface fluxes now result in feedbacks that in turn affect the land surface energy fluxes. Thus, the inconsistencies within the offline coupling approach due to neglecting those feedbacks are quantified. Therefore, PROMET is now interactively coupled with MM5, thereby substituting the NOAH-LSM and finally providing the lower boundary conditions for the MM5 atmosphere (Fig. 1b) . Energy conservation is guaranteed within the interactively coupled system. The feedbacks can amplify or dump an initial perturbation to the system. As a result, a new equilibrium between the land surface and the atmosphere establishes and, therefore, changes the energy fluxes in both directions. This chapter first describes the responses of the MM5 atmosphere triggered by the replacement of the LSM. Finally, the impact of feedbacks on the interactively coupled PROMET (PROMET-interact) evapotranspiration is investigated and compared against the PROMET-offline simulation. Figure 11 compares the annual mean near surface air temperature between the MM5 simulation either using the NOAH-LSM or PROMET-interact. While the mean temperature over the coupling domain is 9.4 • C in the MM5/PROMET-interact simulation, it is 8.5 • C in the MM5/NOAH simulation. Despite the replacement of the NOAH-LSM, still a similar temperature can be reproduced within the MM5/PROMETinteract simulation with regional differences. A higher net radiation in the MM5/PROMET-interact simulation than in the MM5/NOAH simulation as well as less evapotranspiration and, thus, less evaporative cooling result in mutually dependent higher near surface air temperature in the MM5/PROMET-interact simulation, except for mountainous regions. Here, snow cover plays a prominent role in the PROMET simulation, affecting sensible heat particularly in spring, when available energy is put into snow melt in the PROMET simulation, while energy is put into sensible heat resulting in increasing near surface air temperature in the NOAH simulation. Possible reasons for the different snow cover may be the use of different snow modules and scale issues due to different underlying DEMs. The MM5 atmospheric model responses to the replacement of the NOAH-LSM with PROMET with higher temperatures by up to 2.4 K (in the Ruhr region) as shown in Fig. 11 . While the annual mean near surface air temperature for the PROMET Milan pixels is 1.6 K warmer (14.2 • C) than the MM5/NOAH simulation (12.6 • C), maximum differences (3.3 K) appear in June, while in winter, when energy assumption at the land surface is low, temperature is hardly affected by feedbacks.
Air temperature
Precipitation
Besides temperature, precipitation is another parameter strongly interacting with the land surface and having large hydrological impacts on LSHMs. The changed lower boundary conditions in the PROMET-interact simulation result in less annual precipitation amounts, especially South of the Alps (Fig. 12) . While the annual precipitation amount over the simulation area is 830 mm in the MM5/PROMETinteract simulation, it is 886 mm in the MM5/NOAH simulation. The spatial patterns of annual precipitation amounts between MM5/NOAH and MM5/PROMET-interact simulations are almost the same. However, total precipitation amounts decrease mostly North and South of the Alps and in the Po-Valley by up to 213 mm (Fig. 12) .
Maximum differences compared to the MM5/NOAH simulation occur mainly in August, when almost 50 mm less precipitation is simulated for the Milan area by using the PROMET-interact land surface within MM5. Concerning the Milan pixels, the annual precipitation differs by 164 mm which is about 15 %. The decrease of total precipitation is difficult to diagnose. It is mainly based on a decrease of convective precipitation in summer. The different portioning of energy into sensible and latent heat overall results in an increase of sensible heat in the PROMET simulation, except for mountainous areas in winter and spring due to snow cover. With increasing sensible heat flux, the planetary boundary layer height is increasing which results in dryer air masses. As a result, cloud fraction and convection are inhibited and thus convective precipitation is decreasing especially in summer. 
Evapotranspiration
By allowing for feedbacks between the high resolution PROMET land surface and the MM5 atmosphere, the land surface in turn is affected by the changed atmospheric conditions. The impact of these feedback effects on evapotranspiration is shown in Fig. 13 , thereby quantifying the inconsistencies between the offline and interactive coupling approach. Overall, the annual PROMET-interact evapotranspiration (405 mm) is a little higher than in the annual PROMET-offline simulation (397 mm).
However, a more detailed spatial analysis shows remarkably smaller annual evapotranspiration rates in the Mediterranean area South of the Alps while annual evapotranspiration rates slightly increased North of the Alps (Fig. 13) . The highest impact of the feedbacks on evapotranspiration can be found in the Northern part of Italy, where evapotranspiration rates decreased by up to 150 mm due to dryer conditions.
For the Milan pixels, the annual distinction is approx. 55 mm which is 13 % of the annual evapotranspiration. The inconsistencies of the offline coupling approach are most relevant in the summer months, when PROMETinteract shows decreased evapotranspiration rates, e.g., in July of up to 20 mm (27 %), while in the winter months evapotranspiration is hardly affected by the feedback mechanisms (Fig. 14) . When focusing on the Milan region, evapotranspiration decreased by 30 % from July to September while at the same time temperature increased by 2.7 K and precipitation decreased by 37 %.
North of the Alps as exemplarily shown for the Rhine Neckar area, annual evapotranspiration slightly increased by 4 mm yr −1 (1.9 %). Thereby, the moderate increase mainly occurred from Mai to August and accounted for 3.2 % (2 mm) (Fig. 14) .
According to Fig. 10 , Fig. 15 now shows the degree to which the soil moisture-evapotranspiration interaction is responsible for the sign of the feedback. For the Milan area PROMET-interact now operates in a yet drier regime. While plants' water suction already reached the wilting point in PROMET-offline simulations on several days (Fig. 10) , feedback effects in the PROMET-interact simulations now result in an even drier soil where soil moisture is closer to the wilting point from July to August (Fig. 15) . This results in a higher level of plants' water-stress, restricting transpiration more. North of the Alps, exemplarily shown for the RhineNeckar area, where precipitation is also reduced upon implementing PROMET into MM5, PROMET-interact also operates in a yet drier regime, however, far away from reaching the wilting point (Fig. 15) . Thus, still enough soil water is available for plant transpiration and evaporation. Therefore, the feedbacks -especially the increased air temperature and radiation have predominantly positive effects on transpiration here.
Conclusions
Offline driving a LSM with RCM output can lead to inconsistencies since feedbacks between the offline driven LSM and the RCM are not taken into account. The study has shown that considerable discrepancies occur between LSMs used within RCMs and downstream climate impact models. The different scales, parameterizations and formulations, however, describing identical land surface processes in the NOAH-LSM used within the RCM MM5 and the downstream hydrological model PROMET contribute to the inconsistencies. Consequently, net radiation was higher in the PROMET-offline simulation due to different albedo and emissivity settings. The different redistribution of this net radiation into sensible and latent heat resulted in an overall higher Bowen ratio due to e.g., more impermeable areas (such as urban areas) in the PROMET land use while the NOAH-LSM assumes the land surface to rather homogeneously consist of arable land for the coupling domain. Finally, different soil hydraulics due to different soil/plant parameterizations and different physical formulations lead to considerable hydrological differences which resulted in lower soil moisture and lower evapotranspiration.
By coupling PROMET interactively with the RCM MM5, thereby substituting the NOAH-LSM, PROMET provides the lower boundary conditions to the atmospheric part of MM5. Subsequently, the scaling interface SCALMET closes the scale gap between the models and ensures mass-and energy conservation within the down-and the upscaling of linear and nonlinear energy fluxes. Consequently, the atmosphere responded to the replacement of the LSM with increased annual air temperatures by up to 2 K and decreased annual precipitation by up to 213 mm mainly due to less convection in summer.
Finally, by comparing the offline driven and the interactive simulation, we were able to quantify the inconsistencies that occur when neglecting the feedbacks. The study has shown that the inconsistencies that arise when using PROMET offline instead of interactively coupled with MM5 are strong (up to 150 mm yr −1 ) and, therefore, may not be neglected. Further, we demonstrated that these inconsistencies can affect evapotranspiration positively as well as negatively, depending on the prevailing hydrological conditions. The temperature increase and precipitation decrease led to drier conditions in the interactively coupled simulation. As a result, evapotranspiration decreased in regions mainly South of the Alps with already dry conditions in summer, where soil moisture was close to the wilting point. Thereby, evapotranspiration decreased by 30 % from June to September, e.g., for the Milan area. North of the Alps, however, the level of soil moisture was far away from reaching the wilting point due to more humid conditions than in the Mediterranean area. The feedbacks affected evapotranspiration positively here, due to increased temperature and more radiation. Although precipitation decreased, still enough soil water was available for plant transpiration and evaporation. The impact of the feedbacks on evapotranspiration was almost negligible in winter, but considerably high in the summer months, when energy conversion at the land surface is high, finally resulting in greater feedbacks.
Further studies will compare the offline and interactive coupling approach with observation data for annual, monthly, and diurnal time series.
